the evaluated data to the anaesthetist. independently of his or her control. Devices in this category are likely to increase in number as the use of microprocessors becomes more widespread. An example of a Class IV monitor is a feedback system whereby blood pressure may be controlled by a system using electronic pressure measurement which in turn activates a pump infusing a hypotensive drug. There is a gradual tendency for many manufacturers to convert Class III monitors to Class IV. This may be a desirable trend in order to reduce the amount of unnecessary information which the anaesthetist receives during the conduct of an anaesthetic, but there is a risk that the sensory input of the anaesthetist will be overloaded with multiple alarms. Although the monitoring device may be able to interpret and evaluate the data which is collected, the incoming data should be visible to the anaesthetist so that the progress of the patient can be followed and the interpretative skills of the anaesthetist may complement those of the monitor.
The human monitor
Mortality during anaesthesia in Australia which may be directly attributable to an avoidable anaesthetic mishap is estimated to be approximately I : 25 ,000 to I: 30,000 MONITORING AND PATIENT SAFETY administrations I compared with figures quoted from overseas of I :5.000 to I: I 0,000. Since it may be assumed that less than half of these deaths would be prevented by increased levels of monitoring, one could reasonably recommend that expenditure to further reduce the incidence of anaesthetic mortality should be directed towards education, better ergonomic design of the anaesthetic workplace; universal use of Class I and 11 monitors. and the use of only selected Class III monitors. rather than the widespread supply of sophisticated monitors of Class IV. The important central theme in clinical monitoring is the use of human intelligence to monitor and determine whether a particular parameter lies outside acceptable limits, and if so, whether the parameter requires treatment. This requires consideration of many other factors. Only the human monitor can evaluate data with such a global approach, enabling the anaesthetist, whose highest priority is the safety of the patient, to administer and control anaesthesia which may be tailored to individual patient requirements.
Continuous observation of the cardiovascular and respiratory systems of anaesthetised patients has been considered vital for patient safety since the earliest days of anaesthesia. Pulse meters and pulse oximeters can non-invasively provide continuous information that would not otherwise be available. The use of reliable, audible and visual displays and alarms increases patient safety, particularly when access is restricted or room lighting is reduced.
PULSE METERS Various devices have been used as pulse meters over the last 50 years, including mercury-in-rubber strain gauges, microphones, piezo-electric crystals, Doppler devices and photo-electric cells. I Pulse recordings using photo-electric finger Anaesthesia and Intensive Care, Vol. 16, No. 1, February, /988 plethysmography were first reported by Hertzman in 1937,2 and have since become commonplace; in 1986 a 'pulse meter' was used in 96% of all patients anaesthetised at the Royal Hobart Hospital.
Principle
A stabilised low-power light source and a photosensitive detector are applied to the patient's skin. usually over the terminal phalanx of a finger. The light source may typically be a 100 mw white incandescent globe with a broad wavelength emission peaking at 900 nm, or a 66 mw infrared photodiode of 940 nm wavelength.
The photo-sensitive detector is a light-dependent resistor or photodiode sensitive to the pulse meter's light source. This detector may be positioned beside or opposite the light source, thus receiving light by reflection or transmission respectively. The solid tissues absorb some of the light, but the blood present between the light emitter and detector will absorb a relatively larger amount of light, owing to the high light absorption coefficient of blood. During arterial pulsation, additional blood in the blood vessels under the sensor reduces light transmission by about 1-2%.3 This small change in light is amplified to produce a pulse signal.
The pulse signal may be displayed on an oscilloscope as a plethysmograph, with or without an audible 'beep'. The advantage of a plethysmographic display is that the pulse waveform may be examined. Pulse meters with displays are usually mains powered and must have an isolated patient circuit to avoid electrical hazards. Alternatively, the signal may be presented as an audible 'beep' in association with a flashing light and an analogue or digital display of pulse rate. These pulse meters are smaller and more portable, and are usually battery operated and relatively inexpensive. Both types may have high and low rate alarms.
Benefits and indications
Continuous knowledge of the patient's pulse rate, rhythm and volume improves safety; there have been some useful reviews on pulse meters over the last decade. I ,3,4 Many anaesthetists feel that the benefit/risk ratio is so high that all anaesthetised patients should be monitored with a pulse meter, unless a pulse oximeter is in use on the patient, or a precordial or oesophageal stethoscope is used throughout the anaesthetic. An ECG monitor is no substitute for a pulse meter, as only the latter will provide continuous evidence of reasonable peripheral blood flow.
A pulse meter will usually indicate dysrhythmias clearly I and, if the core temperature remains above 36°C, will allow detection of haemodynamic changes caused by alterations in anaesthetic depth, surgical stimulation, or blood loss,3-7 A silent ECG waveform is a complementary monitor, attention being drawn to the ECG tracing by any dysrhythmia heard on the pulse monitor. The pulse meter may also be used in association with a sphygmomanometer cuff to estimate systolic blood pressure,
Sensor placement
The sensor should be attached snugly to a fingertip with a contact pressure of about 40 mmHg to produce the best waveform;9 sensors may also be placed on a toe, an ear lobe, or the nasal septum. Venous congestion should be avoided, as extra unsaturated blood beneath the sensor results in a smaller plethysmographic signal. lO Pulse meters work best over the distal phalanx of a finger because of the abundant subdermal venous plexuses and arterio-venous anastomoses, These are sympathetically innervated whereas the vessels in ear lobes have minimal sympathetic innervation. This means that finger plethysmograph amplitude alters principally with sympathetic tone, whereas that of an ear lobe is changed more by circulating pressor agents and arterial blood pressure, than by sympathetic tone,II,12 Accuracy, stability and pre-use checks
In the absence of patient movement, shivering or marked vasoconstriction, pulse monitors are quite stable a few seconds after being switched on, However, monitors should be checked before use for battery and globe function; globe failure is usually due to the sensor being dropped to the floor. If the patient has a strong digital pulse, the instrument may register the dicrotic notch as a beat and display twice the true pulse rate, This can be obviated by repositioning the sensor. The signal is usually resistant to diathermy interference.
Complications
The only reports of complications have been burns. Fitting an overpowered globe to the sensor is the usual cause. 13 If hypotension or vasoconstriction causes signal failure, the sensor should be adjusted or repositioned, to avoid a possible burn.14
PULSE OXIMETERS
Oximetry was also developed in the 1930s, when spectrophotometry was first used to measure the differential absorption of red and infrared light by mixtures of haemoglobin and oxyhaemoglobin, Pulse oximetry was conceived in Japan in the I 970s. 16, 17, and further developed in the United States in the 1 980s. 18, 19 Pulse oximeters are usually accurate to 2% in the range of 70-100% haemoglobin saturation, when the sensors are receiving a satisfactory signal. 20,21
Principle
Pulse oximeters use two narrow waveband light emitting diodes (LEDs) and stabilising circuits to ensure consistent light output. Each LED switches on and off at about 700 Hz and a single broad band photodiode detects the transmitted light and compares this with the background light. A microprocessor determines the amounts of background, red and infrared light reaching the sensor in both systole and diastole. A microprocessor considers only the 'pulse-added' signal produced by each pulse under the sensor and the differential absorption at the two light wavelengths. From these it calculates the percentage oxygen saturation of the arterial blood. Saturation values are assayed over a few seconds and are usually displayed both digitally and audibly. 22, 23 The pulse signal is generated as a byproduct of the saturation measurement, and is displayed digitally and usually graphically.
Positive features
These include the use of non-invasive sensors with choice of attachment sites and little warm up time. Routine user calibration is impracticable, but oximeters have proven reliable in this respect. Most pulse oximeters are programmed to check their internal calibration and sensor function at switch-on and intermittently during use. Alarms are usually activated by switching on the monitor. Most pulse oximeters give a continuous audible indication of each pulse with the tone being modulated by the degree of saturation. Most provide a bar graph or waveform display of the pulse plethysmogram and some have additional signal strength indicators, which help verify good signal acquisition and provide an index of the reliability of displayed saturation values. They are capable of continuous and safe operation, as no skin heating is used. Interference from skin pigmentation or jaundice is not a problem. IS They can be battery powered, are of moderate size, and are easy to transport with the patient.
Limitations
As an adequate pulse is needed, gross hypothermia, vasoconstriction or hypotension 24 and a non-pulsatile circulation with cardiopulmonary bypass all result in signal loss. Movement artefact caused by a shivering patient, or movement of the sensor or lead may obscure the pulse signal. Venous congestion 25 from cardiac failure or in a dependent sensor site, or venular pulsation (e.g. from tricuspid regurgitation) may cause low saturation readings. Synthetic fingernails 26 (but not usually nail varnish 27 ) interfere with the light transmission and saturation readings, and dirt or adhesive 28 on the sensor may spuriously depress saturation values.
Haemoglobin must be the dominant colour The oxygen saturation calibration of pulse oximeters must be empirically set by the manufacturer 35 and currently no external standards are available to check this calibration before use. Also hyperoxia and histotoxic hypoxia are not detected, and it is difficult to reliably convert oxygen saturation to oxygen tension values. 36 Complications from pulse oximeters have so far been limited to occasional signal failure and rare false low and false high saturation values, as outlined above. No burns have been reported with currently available unheated pulse oximeter sensors.
Indications for pulse oximetry
Pulse oximeters may be used to advantage as continuous, non-invasive, rapid response monitors of oxygenation in all patients during the immediate pre, intra-and postoperative period and in patients in intensive care units who are undergoing respiratory therapy or who have significant respiratory or cardiovascular disease. A pulse oximeter also acts as a second line monitor of oesophageal intubation and ventilator disconnection. A critical incident study has demonstrated that pulse oximeters draw attention to life-threatening situations in 5% of anaesthetics in which they are used, with false alarms occurring in only an additional 3% of anaesthetics. 37 There is a powerful argument for the routine use of a pulse oximeter during every general anaesthetic.
Pulse oximetry is particularly indicated when oxygen delivery may be unreliable, when patients are at particular risk of hypoxia and when lighting and/or patient access is poor. If a limited number of pulse oximeters are available then their use in these contexts should be considered.
Oxygen delivery may be unreliable when the airway has to be shared with the surgeon, and when patients are having major thoracic,38.39 upper airway, dental or head and neck surgery. Patients who are heavily sedated 40 as for endoscopy, or unconscious and being transported to the recovery room 4 1. 42 are also at risk.
Patients at increased risk of hypoxia include the pregnant and the grossly obese, those at risk of gas or fat embolism, those at risk of respiratory or circulatory failure from any cause, and those undergoing thoracic surgery. Patients at particular risk from hypoxia, such as those with sickle cell anaemia, and patients in whom hypoxia would be difficult to recognise, such as those with deeply pigmented skins, are also good candidates for pulse oximetry.
Poor ambient lighting and/or poor patient access are also particular indications for pulse oximetry. Examples are imaging studies in X-ray rooms, the use of tinted anti-laser goggles by the anaesthetist and the transport of patients in aircraft or ambulances.
Special uses of pulse oximeters include their use in monitoring babies during pulmonary artery banding for congenital heart disease,43.4 4 and in monitoring infants at risk of the sudden infant death syndrome. 45 They may also be used for checking the circulation of reimplanted limbs or digits, as an adjunct to Allen's test and arterial cannulation, and for monitoring patients with sleep apnoea. Patients undergoing haemodialysis are now known to commonly desaturate. 46 These too can appropriately be monitored with a pulse oximeter.
Pulse oximeters are also extremely useful during clinical training. They are useful, for example, in teaching the intubation of patients, in checking the effectiveness of protocols for chest physiotherapy and endotracheal tube suctioning and in checking the efficacy of CPRY Pulse oximeters are not designed to warn of hyperoxia. Despite this, several studies ofneonates have shown that it is possible to keep babies safely ventilated with gas mixtures that produce an oxygen saturation of 88-95% on a pulse oximeter. The same studies show that HbF does not affect pulse oximeter accuracy.48.4 9 Patients undergoing laser surgery, or who have had bleomycin treatment can be similarly monitored. 50
Selection of pulse oximeters
Pulse oximeters should have sensors that are appropriate for their intended use, satisfactory indication of good signal acquisition, and a pulse 'beep' modulated by oxygen saturation changes. They should have realistic default alarm limits which are automatically activated at switch-on, and which have a small delay time « 10 s) in initial activation. Battery and mains operation, diathermy resistance and a temporary inactivation option for the audible alarm are also useful. Most of the pulse oximeters now available are accurate and reliable.
CONCLUSION
Pulse meters are inexpensive, reliable, safe and portable. They satisfy the basic requirement for a continuous monitor of circulatory function. Their use is indicated in all patients undergoing anaesthesia unless the anaesthetist has some other continuous circulatory monitor (e.g. a finger on the pulse, or a precordial stethoscope). An ECG monitor complements the use of a pulse meter and provides additional information, but does not itself constitute a monitor of the circulation.
Pulse oximeters present an opportunity for a great increase in patient safety. An argument can be made for the use of a pulse oximeter in every patient who is unconscious or at risk of sudden arterial desaturation. Pulse oximeters are reliable and safe and suffer from no major disadvantages. Unfortunately, their universal introduction will have to be phased in over a few years as they are relatively expensive in comparison to most of the equipment used by anaesthetists (but not by other medical specialties). Pulse oximeters provide an indication, on a beat by beat basis, of heart rate, rhythm and volume, and of the saturation of the haemoglobin in arterial blood. They do not replace an oxygen analyser on the inspiratory limb of the patient circuit which monitors machine and circuit function, and they do not provide the information supplied by capnography or by disconnect alarms. Also, as the sensor may be dislodged or the pulse may become imperceptible, access to the patient should be maintained for clinical monitoring. They nevertheless represent the greatest advance in patient monitoring to date, as they non-invasively and safely provide a continuous indication of adequate circulatory and respiratory function.
